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Abstract

In this work, two palladium-based catalysts with either ZSM-5 or Zeolite Y as support material are tested for their
performance in selective catalytic reduction of NOx with hydrogen (H,-SCR). The ligh-toff measurements in synthetic
exhaust gas mixtures typical for hydrogen combustion engines are supplemented by detailed catalyst characterization
comprising N, physisorption, X-ray powder diffraction (XRD), hydrogen temperature programmed reduction (H,-TPR)
and ammonia temperature programmed desorption (NH;-TPD). Introducing 10% or 20% TiO, into the catalyst formula-
tions reduced the surface area and the number of acidic sites for both catalysts, however, more severely for the Zeolite
Y-supported catalysts. The higher reducibility of the Pd particles that was uncovered by H,-TPR resulted in an improved
catalytic performance during the light-off measurements and substantially boosted NO conversion. Upon exposition to
humid exhaust gas, the ZSM-5-supported catalysts showed a significant drop in performance, whereas the Zeolite Y-sup-
ported catalyst kept the high levels of conversion while shifting the selectivity from N,O more toward NH; and N,. The
1%Pd/20%TiO,/HY catalyst subject to this work outperforms one of the most active and selective benchmark catalyst
formulations, 1%Pd/5%V,0+/20%TiO,-Al,0;, making Zeolite Y a promising support material for H,-SCR catalyst for-
mulations that allow efficient and selective NOx-removal from exhaust gases originating from hydrogen-fueled engines.

Keywords Hydrogen Internal Combustion Engine - Selective Catalytic Reduction with Hydrogen (H,-SCR) - NOx
Abatement - Palladium Catalyst - Zeolites

1 Introduction originating from an urea water solution [1], also hydrogen

can serve as reductant for converting NOx emissions at

Hydrogen-fueled internal combustion engines (H,-ICEs)
operated under lean conditions present a promising possibil-
ity for the total decarbonization of the transport sector in the
upcoming years. Despite the advantage of net zero green-
house gas emissions, significant amounts of thermal NOx
generated by the reaction of oxygen and nitrogen during the
combustion need to be treated. Apart from the well-estab-
lished selective catalytic reduction (SCR) with ammonia
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even lower exhaust gas temperatures via selective catalytic
reduction (H,-SCR). This would not only circumvent some
inherent urea SCR problems like deposit formation [2] and
ammonia slip [3], but would also make an additional tank
for the SCR reductant redundant.

Noble metal catalysts with palladium and platinum as
active species are the most promising for the H,-SCR reac-
tion [4], among which platinum shows an overall higher
activity particularly at low temperatures, but generally at
the cost of a lower selectivity compared to palladium cata-
lysts [5-8]. However, a high selectivity toward nitrogen is
of utmost importance as the main byproduct of the reac-
tion is nitrous oxide (N,0O), which exhibits a 300 times
higher greenhouse potential than carbon dioxide (CO,) [9].
Depending on the exhaust gas composition, temperature
and catalyst formulation, also ammonia (NH;) and nitrogen
dioxide (NO,) are possible side products during the H,-SCR
process [10—12].
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Modifications of the support material highly affect the
catalytic performance of H,-SCR catalysts, for instance,
as described by Costa et al. who combined the high selec-
tivity of a Pt/MgO catalyst with the high activity of a
Pt/CeO, catalyst by preparing a Pt/Mg-Ce-O mixed-oxide
catalyst exhibiting both advantages [6]. Another approach
was employed by Qi and coworkers who added vanadium
pentoxide to a Pd/TiO,/Al,0; catalyst, which eases the for-
mation of active NH,* intermediates on acidic V,0Os sites,
hereby opening an additional pathway for NOx reduction
and thus circumventing an activity drop around 200 °C that
was observed when using a vanadia-free catalyst [13]. In
this context, Li et al. were the first to systematically study
the role of support acidity during H,-SCR [14]. Their study
points to a correlation between the catalyst’s acidity and
its NOx reduction activity as well as selectivity toward N,,
thus, zeolitic supports that intrinsically offer Brensted acidic
sites when doped with Al,O; are highly attractive materials
for H,-SCR catalyst systems.

Since zeolite supports offer good thermal stability [15,
16], high tuneability and are commonly used in catalyst sys-
tems for NH;-SCR [17], several groups suggested zeolitic
and zeolite-related catalysts also in the field of H,-SCR.
By optimizing the preparation method, Wen achieved up
to 70% NO conversion when using a Pd/MFT catalyst for
H,-SCR in a H,O-free reaction gas mixture [18], while
Zheng et al. could achieve NOx conversions of 99% with a
ZSM-5-based Pt-catalyst [19]. In addition, TiO,-promoted
mesoporous materials were probed with platinum [20] and
palladium [21] investigating the positive effect of TiO, on
the reducibility of the noble metal particles and the enhance-
ment in hydrogen spillover.

Despite these encouraging findings, the influence of these
support materials on the H,-SCR reaction and the complex
interplay of NO, H, and exhaust compounds such as water
(H,O) remains unclear. Thus, the present study evaluates
and examines zeolite-supported palladium catalysts for their
applicability in H,-SCR as a potential after-treatment for
hydrogen combustion engine exhausts. A combination of
catalytic activity measurements and detailed characteriza-
tion aim at elucidating the support impact on both catalytic
activity and product selectivity, hereby laying the founda-
tion for further advancements in the field of H,-SCR.

2 Experimental
2.1 Catalyst Preparation
The catalyst support materials ZSM-5 (Clariant, SM-27)

and Zeolite Y (Zeolyst, CBV300) were calcined in air for
6 h at 500 °C and subsequently TiO, was precipitated from a
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Ti(OBu), solution in ethanol for the Ti-containing catalysts.
After drying for 1 h at 70 °C and calcination in air for 6 h at
500 °C, palladium was added via incipient wetness impreg-
nation (IWI) using an aqueous tetraamminepalladium(II)
nitrate solution (abcr, 5.0% Pd) followed by drying for 1 h
at 70 °C and a calcination step at 500 °C for 6 h. Preparation
of the 1%Pd/5%V,0+/20%TiO,-Al,0; catalyst, which was
already subject of previous studies [11, 13] and which served
as a benchmark catalyst for the current work, is described in
an earlier publication [11]. In addition, a baseline Pd/Al,04
reference system was prepared by IWI of y-Al,O;, analo-
gous to the procedure described above.

2.2 Catalyst Characterization

N,-physisorption measurements of the catalyst powders
were performed using a BELSORP-mini II instrument (BEL
Japan) after degassing for 2 h at 300 °C. The surface arca
and total pore volume were then obtained via the method of
Brunauer, Emmett and Teller (BET) [22].

For X-ray diffraction (XRD) measurements, an X’PERT
PRO diffractometer (PANalytical) was employed using Cu
K, radiation (wavelength of 0.154 nm) and scanning 20
from 20 to 80° with a step size of 0.017° and an acquisition
time of 0.44 s.

Inductively coupled plasma optical emission spectros-
copy (ICP-OES) was used to validate the elemental compo-
sition of the different powder catalysts.

Temperature-programmed reduction with hydrogen
(H,-TPR) was conducted at an AutoChem II unit (micromer-
itics). After an oxidative pretreatment (10% O, in He, 10 K
min~! to 500 °C), the H,-TPR was measured with 50 mL
min~! of 10% H, in Ar from — 50 to 600 °C with 10 K min~'
using a cryogenic cooler with liquid N,. The effluent gas
stream was analyzed by means of a thermal conductivity
detector (TCD).

Temperature-programmed  desorption of ammonia
(NH;-TPD) experiments were performed in a synthetic gas
testing bench that was controlled by an in-house developed
LabVIEW-based software tool. While mass flow control-
lers (MFC) from Bronkhorst were used to create the well-
defined (reaction) gas mixture from pure gases, water was
added via a combination of a controlled evaporator mixer
(CEM, Bronkhorst) with a liquid flow controller (LiquiFlow,
Bronkhorst). 300 mg of sample and 700 mg of quartz sand
in a size distribution of 125-250 pm were mixed and fixed
with quartz glass wool inside a quartz glass tubular reac-
tor (inner diameter: 8 mm) embedded in an electric furnace.
Two thermocouples (type N) up- and downstream of the
catalyst bed ensured a sufficient temperature control. After
passing through the reactor, the gas is then analyzed by an
FT-IR spectrometer (MultiGas 2030, MKS Instruments).
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Table 1 Gas mixtures and GHSV used in the catalytic activity tests

Gas mixture NO [vppm] H, [vppm] 0, [%] H,0 [%] N, GHSV [h™!]
Dry mixture 1000 5000 0 balance 60,000
Wet mixture 1000 5000 10 balance 60,000

Table 2 Characterization results of N,-physisorption and elemental analysis by ICP-OES

Target catalyst formulation BET Surface area [m? g~!] Total pore volume [cm? g™!'] ALO; [wt.-%] SiO, [wt.-%] TiO, [wt.-%] Pd [wt.-%)]

1%Pd/ZSM-5 386 0.201 6.3 92.9 0.0 0.84
1%Pd/10%TiO,/ZSM-5 352 0.204 5.5 82.7 10.8 0.92
1%Pd/20%TiO,/ZSM-5 318 0.194 4.8 72.7 21.6 0.91
1%Pd/HY 510 0.234 243 74.7 0.0 0.99
1%Pd/10%TiO,/HY 304 0.164 21.6 65.9 11.4 1.04
1%Pd/20%TiO,/HY 264 0.162 19.9 55.2 23.6 1.25
During the course of an NH;-TPD experiment, 1 slpm con- S (N,0) = 2 - (NNy0.000 — IN9Oin) 1
taining 500 ppm NH;, 10% O, and 10% H,O in N, was used 2 INO.in — TINO,out (M
to saturate the catalyst at 200 °C for 45 min. Subsequently,

the NH;-MFC was closed to purge the catalyst for 20 min NNOg,0ut — TNOs,in

before starting the desorption step consisting of heating to §(NO,) = ANO.in — TINO.out )
500 °C at 10 K min~! in 10% O, and 10% H,O in N,. Inte- ' '

grating the NH,-signal from the FT-IR over the time yields TINH out

the amount of stored ammonia per sample weight. S (NHs) = ANO.n — }INO out 3)

2.3 Catalytic Test Procedure

The catalytic activity tests were conducted in the same setup
that was employed for the NH;-TPD tests; reactor dimen-
sions, powder catalyst sample size and dilution were also
kept consistent. Note that the powder catalyst grain size of
125-250 pm minimizes external mass transfer limitations
[23], hence, the origin of kinetic phenomena observed dur-
ing the catalytic tests is exclusively related to temperature
and catalytic effects. As illustrated in Fig. S1, the testing
procedure started with a degreening of the fresh catalyst
powder for 1 h at 500 °C under wet reaction conditions
(Table 1), followed by an oxidation step (10% O, in N,) for
20 min at 500 °C. The reactor was then cooled to 100 °C
and three successive light-off-light-out-cycles from 100 to
300 °C with 2 K min~' were conducted in dry reaction gas
(Table 1). After a second oxidation step of 10% O, in N,
for 20 min at 500 °C, these three cycles were then repeated
under wet reaction conditions (+10% H,O, Table 1). The
gas flow was balanced with N, to keep a flow rate of 1 slpm
and thus a gas hourly space velocity (GHSV) of 60 000 h™!.
As the effluent gas concentrations are also analyzed by
FT-IR spectroscopy, the IR-inactive species N, is calculated
via the N-containing species balance and H, conversion
is calculated from the produced H,O and NH;. The selec-
tivities were calculated using the following equations. The
inlet flows were measured via a bypass line feeding directly
into the analytics without passing the reactor and thus the
catalyst:

S (Ng) =1—85(NyO) — S(NOy) — S(NH3)  (4)

3 Results and Discussion
3.1 Catalyst Characterization

The N,-physisorption results (Table 2) clearly indicate
different effects of the titania precipitation on the zeolitic
materials. While the ZSM-5-based catalysts show only a
small decrease in surface area (9% and 18% loss with 10%
and 20% TiO,, respectively), the surface area of the HY-
based catalysts nearly drops in half (40% and 48% loss with
10% and 20% TiO,, respectively). Moreover, the difference
between 10% and 20% of TiO, is less prominent in the HY-
supported catalysts than it is for the ZSM-5-based ones.
These findings can be explained in the light of the XRD-
results (Fig. S2). For the Pd/zeolite catalysts without titania,
we observed only the diffraction patterns of the pure zeolites
in both cases, which suggests a high dispersion of Pd for
these catalysts. Once TiO, is added, the X-ray diffraction
patterns suggest a coexistence of zeolite and antatase-TiO,
[24] for the ZSM-5-supported catalysts, whereas the HY-
supported materials gradually lose their typical zeolitic
reflexes upon TiO, precipitation. Regarding the physisorp-
tion results, we can assume that TiO, preferentially forms
a partially pore-blocking layer on the outer surface of Zeo-
lite Y that results in a higher surface area loss than for the
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Table 3 Peak locations in the Target Catalyst formulation PdO reduction  2nd reduction Ads. NH,4 Total ads.
H,-TPR experiments for the temperature [°C] peak [°C] [mmol g~!']  N-species
examined catalysts and adsorbed [mmol
amount of NH; and total ]
N-species of the caté.ilysts during 1%Pd/ZSM-5 16 — 0394 0394
the NH,-TPD experiments 19%Pd/10%TiO,/ZSM-5 15 - 0.277 0277
1%Pd/20%TiO,/ZSM-5 11 - 0.269 0.269
1%Pd/HY 38 80 0.128 0.351
1%Pd/10%TiO,/HY 16 76 0.166 0.181
1%Pd/20%TiO,/HY 18 73 0.060 0.072
Total ads. N-species =adsorbed 1%Pd/AL,0, a3 - 0.011 0.011
1%Pd/5%V,05/20%Ti0,/Al, O, 8 81 0.017 0.017

NH;+NO +2 N,0

ZSM-5-based catalysts that may exhibit TiO, islands on the
zeolite surface.

Regarding the H,-TPR profiles, Table 3 summarizes the
relevant peak locations for each catalyst system. The 1%Pd/
ZSM-5 catalyst (Fig. S3a) exhibits one sharp peak at 16 °C
followed by a small negative peak at around 45 °C. The
sharp peak can be attributed to the reduction of PdO while
the negative peak indicates the decomposition of a palla-
dium hydride species, which is formed from reduced Pd’
species at lower temperatures [12]. The incline at the start of
the measurement is also observable with the reduced cata-
lyst and can be explained by the adsorption of argon from
the 10%H,/Ar feed gas in the zeolite pores causing a signal
at the thermal conductivity detector [25]. The addition of
titania to the ZSM-5-supported catalyst subsequently shifts
the PdO reduction peak toward 15 °C and 11 °C for 10%
and 20% TiO,, respectively, and further sharpens the peak.
Therefore, it can be concluded that TiO, is able to stabilize
the Pd particles in their reduced form, which is considered
more active for the H,-SCR reaction than PdO [11, 26, 27].
Unlike the ZSM-5-supported catalysts, the 1%Pd/HY cata-
lyst (Fig. S3b) exhibits two reduction peaks at 38 and 80 °C,
which are attributed to the reduction of PdO and dispersed
Pd?* [25, 28], respectively, in addition to the Ar adsorption
peak. When either 10% or 20% TiO, are added to the HY-
based formulation, these reduction peaks shift toward lower
temperatures, namely to 16 and 18 °C for PdO reduction
and to 76 °C and 73 °C for the Pd** reduction peak, respec-
tively. In addition, an increased TiO, loading rises the inten-
sity of the Pd** peak, indicating a subsequent migration of
Pd into the zeolitic system with higher TiO, loading. For the
1%Pd/5%V,05/20%Ti0,-Al,0, benchmark catalyst a sharp
PdO reduction peak is found at 8 °C (Fig. S4) accompanied
by the V,05 reduction peak around 80 °C already shown in
our previous work on this catalyst [11]. On the contrary, for
Pd/Al,O;, only a single small, broad peak at 43 °C can be
observed, most likely originating from PdO reduction.

Since the number of Brensted acidic sites directly cor-
relates to the amount of adsorbed NH;, the NH;-TPD mea-
surements (Table 3, Figs. S5-S8) provide direct information
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on the catalyst’s acidity that is considered a key param-
eter governing the catalytic activity [14]. Although the
adsorption of NH; on palladium can also occur [29], the
contribution to the overall NH; adsorption is assumed
to be negligibly low in the studied formulations due to a
much higher abundance of Brensted acid sites. With only
0.011 and 0.017 mmol g ', respectively, 1%Pd/Al,0; and
1%Pd/5%V,05/20%Ti0,-Al,0, store substantially less
ammonia than the zeolite-based materials and the vanadia
promotor has only a minor positive effect. Furthermore, the
NH;-TPD measurements with ZSM-5-supported catalysts
showed that the addition of TiO, reduces the number of
acidic sites by approximately 30%, with only minor differ-
ences between the catalyst samples containing either 10%
or 20% of TiO,. Unlike the aforementioned catalysts, the
1%Pd/HY catalyst shows two additional features during the
NH;-TPD measurements. On the one hand, high levels of
NO and N,O are formed during the desorption step of the
previously saturated and purged sample. Presumably, those
are reaction products originating from ammonia oxidation
over the highly dispersed Pd>* species whose existence on
the HY-based samples was uncovered by H,-TPR and which
are known to exhibit higher activity toward NH, oxidation
than PdO particles [30, 31]. To take this into account, those
signals were also integrated and added to the NHj signal for
a more thorough comparison. On the other hand, the HY-
supported catalysts exhibit a decreasing NH; storage capac-
ity with subsequent adsorption-desorption cycles (data not
shown), possibly due to temperature-induced or chemically
induced morphological changes. Since material changes and
aging phenomena are beyond the scope of the present study
and will be subject of a follow-up publication, only the first
cycle is discussed in this work. While the total amount of
adsorbed nitrogen-containing species is in the same range
for Pd/HY and Pd/ZSM-5, the introduction of TiO, showed
a much more severe effect on the HY-supported catalyst.
The addition of 10% and 20% of TiO,, respectively, reduced
the ammonia storage capacity of the HY-based samples by
48% and 79% which coincides well with the large loss in
surface area that was observed in the N,-physisorption data.
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Hence, a blockage of acidic surface sites along with a reduc-
tion of the physically available surface due to titania deposi-
tion can be assumed.

3.2 Catalyst Activity Tests

As described above, light-off measurements in a synthetic
gas test bench allowed to probe the catalytic activity for the
H,-SCR reaction over the different powder catalysts inves-
tigated in this work. When discussing the results obtained,
particular focus is laid not only on the NOx conversion,
but also on the selectivity to N, along with the evolution
of undesired byproducts. Although in the dry gas mixture
(1000 ppm NO, 5000 ppm H,, 10% O, in N,; Fig. 1) 1%Pd/
ZSM-5 and 1%Pd/HY readily convert H, and a tempera-
ture of 50% conversion (Ts) of 134 °C is found over Pd/
ZSM-5 and a T, of 171 °C is observed over the HY-sup-
ported catalyst, the NO conversion does not exceed 23%.
While both catalysts exhibit a similar N,O selectivity, Pd/
HY is substantially less active for NO oxidation to NO, than
Pd/ZSM-5; notably, ammonia formation is negligible over
both catalyst formulations. Comparing the two Pd-zeolite
catalysts to the 1%Pd/Al,O; reference catalyst (Fig. S15)
indicates no immediate, substantial advantage of the zeolitic
support itself over the conventional y-Al,O5-support mate-
rial, as the overall NO conversion is in the same range for all
three catalysts. Only the higher selectivity to N, observed
with the Pd/HY catalyst constitutes a minor benefit.

For both catalyst systems, the addition of 10% TiO,
significantly promotes the NO conversion (Fig. 2):
The maximum NO conversion increases to 80% for
1%Pd/10%Ti0O,/ZSM-5 and 85% for 1%Pd/10%TiO,/HY.
In addition, a local NO conversion maximum around 150 °C
is found for both samples, which is common for Pd-contain-
ing H,-SCR catalysts [13, 32, 33]. Furthermore, the TiO,
addition decreases the selectivity to NO, while benefiting
N,O and NHj; formation, which is essentially a shift from
oxidized toward reduced products of NO. This indicates
a change in the reaction mechanism already observed for
other reducible support materials in the context of H,-SCR,
whereby adsorbed NOx-species as well as hydrogen atoms
undergo spill-over from the noble metal to the support,
with the actual reduction of NOx by hydrogen atoms tak-
ing place at the noble metal-support interface [34]. The
same selectivity changes are observed for the HY-based
catalyst, however, more pronounced; i.e. a maximum NH;
selectivity of 25% is reached around 230 °C, which in con-
sequence decreases the N, selectivity to 47%. Regarding
the hydrogen conversion, the 1%Pd/10%TiO,/HY catalyst
shows a steeper incline and an overall shift of Ts, by 19 °C
toward lower temperature than its unpromoted counterpart,
which goes along with an earlier onset of NO conversion.

As indicated by the lower reduction temperature in the TPR
results, this shift might be explained by the higher reducibil-
ity of Pd-sites that is induced by the presence of TiO,. Since
the oxidation of hydrogen presumably involves a surface
layer of PdO and weakly adsorbed H, [35], we can assume
a facilitated hydrogen activation over catalysts exhibiting
a higher reducibility [26]. Since from a mechanistic point
of view the dissociative adsorption of NO is followed by
reaction of N atoms with H atoms to form NH, and eventu-
ally NH,"-species that react with NO to N,, an earlier H,
activation also benefits the SCR of NO. The evolution of
NHj; that was particularly observed between 190 and 300 °C
for 1%Pd/10%TiO,/HY and to lower extent between 225
and 275 °C also over 1%Pd/10%TiO,/ZSM-5 supports this
hypothesis.

A further increase of the TiO, content from 10 to 20%
(Fig. 3) leads to a small shift of the hydrogen light-off
toward lower temperature of 11 °C for the ZSM-5- and
6 °C for the HY-supported catalyst. While compared to
the samples with 10% TiO, the overall NO conversion
stays in a similar range for samples with 20% TiO, con-
tent, the deNOx activity in the medium-temperature range
between 175 and 275 °C slightly decreases, whereas it rises
in the low-temperature regime between 100 and 175 °C.
As indicated by the decrease in ammonia uptake during the
NH;-TPD experiments (Table 3), the higher TiO, loading
causes a blockage of acidic sites, which are considered a
prerequisite for high activity in this medium temperature
range [13]. Hence, their loss may explain the small activity
decline between 175 and 275 °C. In contrast, the small rise
of NOx conversion between 100 and 175 °C may be due to
the promotion of a different reaction pathway that was sug-
gested by Hong et al. [36] for the low-temperature regime.
Herein, H, dissociatively adsorbs on the noble metal, is
transferred to the support and reacts with adsorbed NOx
species. Since the acidity drops with increasing titania con-
tent, the support’s tendency towards NOx and H adsorption
changes, which can directly impact the reaction mechanism
and hereby change the dominant reaction pathway. Overall,
the most interesting finding is the change in selectivity: Nei-
ther NH; nor NO, are formed in considerable amounts over
1%Pd/20%Ti0,/ZSM-5 (Fig. 3a). Similarly, the increase
of TiO, loading substantially reduced NH; formation over
the HY-supported catalyst, and only minor amounts of NO,
evolve (Fig. 3b). Presumably, the blockage of acidic sites
on the zeolites with increasing titania content reduces the
formation of NH,-intermediates that could turn into efflu-
ent NH;. Albeit this results in an overall higher N, selec-
tivity for the 1%Pd/20%TiO,/HY catalyst compared to the
10%TiO, counterpart, the N,O selectivity reaches a maxi-
mum of almost 40% around 250 °C.
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Fig. 1 Light-off curves of 1%Pd/ 100

ZSM-5 (a) and 1%Pd/HY (b) in

the dry gas mixture (cf. Table 1). a)
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Throughout these activity tests, an increased N,O selec-
tivity was observed at low temperature (100-175 °C) after
introducing TiO, to the given compositions. Without further
mechanistic studies we can only speculate on the reason for
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Temperature [°C]

this effect, which might be partly related to the adsorption-
desorption mechanism proposed in literature [4]. Therein,
NO is adsorbed on the catalytic surface as NO,4 and can
then dissociate into N,y and O,4 species able to form N,
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Fig. 2 Light-off curves of

1%Pd/10%TiO,/ZSM-5 (a) and

1%Pd/10%TiO,/HY (b) in the
dry gas mixture (cf. Table 1). NO

(grey) and H, (brown) conver-
sions are shown as solid lines

and N, (purple), N,O (blue), NO,
(red) and NH; (green) selectivi-
ties as dotted lines
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from two N,4 or N,O from NO,4 and N,4. Combining this
mechanism with our observed increase in N,O formation,
we can assume a higher NO,4 to N,y ratio on the surface
with TiO, promotion at low temperature. This shift can be
explained by TiO, stabilizing Pd in its reduced state and thus
enhancing NO adsorption on active sites already at lower

Temperature [°C]

temperatures where the bond cleavage kinetics to form N,4
and O, are still low.

So far, the catalytic activity has only been discussed in
a model-like dry reaction gas mixture. However, hydrogen
combustion engines emit considerable amounts of steam
[37] that can influence both activity and selectivity of noble
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Fig. 3 Light-off curves of 100

1%Pd/20%TiO,/ZSM-5 (a) and
1%Pd/20%TiO,/HY (b) in the
dry gas mixture (cf. Table 1). NO
(grey) and H, (brown) conver-

80

sions are shown as solid lines
and N, (purple), N,O (blue), NO,
(red) and NH; (green) selectivi-
ties as dotted lines
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metal based H,-SCR catalysts, since H,O can strongly
adsorb on the active sites [38, 39]. Adding 10% H,O to the
feed gas mix (wet gas mixture, Table 1) during the light-
off tests with the catalysts containing 20%TiO,-promotor
(Fig. 4) had a severe effect on the ZSM-5-supported catalyst.
Compared to the dry conditions, the NO conversion over
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Temperature [°C]

1%Pd/20%Ti0,/ZSM-5 decreased strongly in the medium-
temperature regime and even undercuts 10% conversion
between 180 and 210 °C. This significant activity drop is
also observed for the TiO,-free and 10%TiO, ZSM-5 sam-
ple (Figs. S9, S10) and renders these systems inappropriate
for exhaust gas aftertreatment systems with highly humid
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Fig.4 Light-off curves of
1%Pd/20%TiO,/ZSM-5 (a) and
1%Pd/20%TiO,/HY (b) in the
wet gas mixture (cf. Table 1).
NO (grey) conversion is shown
as a solid line and N, (purple),
N,O (blue), NO, (red) and NH;
(green) selectivities as dotted
lines
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exhaust. In this regard, our findings support earlier results
by Zhao et al., who observed an inhibited H,-SCR reaction
over Pt/ZSM-5 that was caused by competitive adsorption
of NOx and water on the active sites [39]. Especially in the
temperature regime between 150 and 250 °C, where the

Temperature [°C]

reaction is predominantly controlled by NO adsorption, we
assume a similar behavior for our palladium-based catalysts
supported on ZSM-5.

In contrast, 1%Pd/20%TiO,/HY exhibits comparably
good water tolerance: The NO conversion is only slightly
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inhibited in the presence of steam and the addition of water
even led to a decrease in N,O formation. Despite a moder-
ate increase in NH; selectivity, the lower N,O levels par-
ticularly benefit the N, selectivity. A possible explanation
for the lower effect of water on the activity of the HY-sup-
ported catalysts can be the occurrence of another reaction
mechanism happening on the dispersed Pd** species. These
Pd?* species are known to be vital for NO activation in the
related CH,-SCR [40-42] and among the samples tested
during this study, the H,-TPR data suggest Pd** species
only for the HY-supported catalysts. This indicates either a
very low amount of Pd?* species on the ZSM-5-supported
catalysts that is beyond the detection limit of our analyt-
ics (AutoChem II unit, micromeritics, equipped with a
TCD) or a complete lack of such species within the ZSM-5
framework. However, as reported by several groups, Pd**
can also exist in ZSM-5 structures [42, 43]. The reason for
the higher tendency of our HY-supported catalysts to form
dispersed Pd** species compared to the ZSM-5-supported
catalysts might be the differences in pore diameter (0.5 nm
for ZSM-5 and 0.7-0.8 nm for Zeolite Y [44]) and aluminum
content (Table 2) of the two zeolites. A higher abundance of
negatively charged AlO,™ units is supposed to facilitate the
stabilization of Pd** species within the zeolite structure and
the higher pore diameter of HY allows a better accessibil-
ity to the porous framework of the support, where Pd** is
typically located on zeolites [45]. While the introduction of
water severely inhibits the NO adsorption at the aggregated
Pd sites, most likely in the oxidized PdO state, the Pd**-sites
might still be able to convert NO and thereby keep the
overall activity of the HY-based catalysts at a high level.
Furthermore, this shift between two reaction mechanisms
would be able to explain the changes in selectivity for the
HY-catalyst in the mentioned temperature regime. Beyond
the findings reported herein, more detailed investigations
on such phenomena are highly desirable in the future, since
involving oxidation-state sensitive and surface adsorbate
sensitive techniques will add new facets to the fundamental
understanding at an atomic scale.

Compared to a 1%Pd/5%V,05/20%TiO,/Al,0; bench-
mark catalyst that was subject of an earlier study of our
group [11] and that was also tested as a powder catalyst
in dry and wet feed for the current study (Figs. S13, S14),
the 1%Pd/20%TiO,/HY system exhibits a major improve-
ment with regard to NO conversion and overall N, selectiv-
ity, particularly in the presence of water. We assume that
the increased activity and selectivity of the HY-supported
catalyst is related to two material properties: the higher
surface area (264 m?> g~! versus 158 m? g~ ! [11]) as deter-
mined by N,-physisorption and the much higher number of
acidic sites that was revealed by the NH;-TPD experiments
(Table 3). Assuming that the NO reduction predominantly
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proceeds via an NH,"-based reaction mechanism that was
previously claimed for Pd- and Pt-based catalysts [13, 46,
47], the increased number of Brensted acid sites on the
catalyst presumably eases NH,"-formation by reaction of
surface-adsorbed N and H atoms that originate from (dis-
sociative) NO and H, adsorption on the noble metal and
subsequent spillover to the support. These NH,*-species
can then react with NOx species to form N, (and H,O).
Since the noble metal — support interface was identified as
particularly important, allowing a bifunctional mechanism
with adsorption/desorption reactions on the noble metal and
spillover of surface species to and from the reducible sup-
port [47, 48], the high surface area of the HY-based sample
offers more available surface sites than the Al,O;-supported
benchmark catalyst.

4 Conclusion

Our study shows the potential of zeolite frameworks as sup-
port materials for selective catalytic reduction of NO with
hydrogen under conditions typical for exhausts of hydrogen
internal combustion engines. Although the activity of Pd/
ZSM-5 and Pd/HY for H,-SCR was comparably low, the
precipitation of TiO, onto the zeolite drastically increased
the NO conversion. Even though the addition of 10% and
20% of TiO, decreased the catalysts’ surface area and the
number of acidic sites, the promotional effect regarding the
H,-SCR clearly outweighs the negative impacts. In addition
to a small activity shift toward lower temperature, which
presumably originates from further blockage of acidic sites
by the precipitated TiO,, the difference in TiO, loading
mainly affected the selectivity of the catalysts. Irrespective
of the zeolitic material used as support, the samples con-
taining 20% TiO, formed less ammonia thereby exhibit an
increased selectivity toward N, compared to their counter-
parts containing 10% TiO,.

In contrast, the catalyst’s tolerance toward the inevitable
exhaust component water strongly depends on the zeolite
used as support. In a humid reaction gas mixture that is rep-
resentative for H, combustion engine off-gases, the ZSM-5-
based catalysts showed a severe NO conversion decline in
the temperature range of 175 to 275 °C, whereas NO con-
version over the HY-based catalysts was only insignificantly
affected and the product selectivity slightly shifted from N,O
toward N, and NH;. This difference might be explained by
the presence of dispersed Pd?* species on the HY-supported
catalysts, which could not be observed in the H,-TPR experi-
ments for our ZSM-5-based samples. With regard to activity
and selectivity, the 1%Pd/20%TiO,/HY catalyst presented
in this work outperforms a previously investigated bench-
mark catalyst, namely 1%Pd/5%V,05/20%TiO,/Al,0;
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[11], which underscores the high potential of zeolitic mate-
rial utilization in the field of H,-SCR. Last but not least,
the extraction of kinetic parameters from our present results
allows to develop and calibrate a micro-kinetic model for a
Pd-based benchmark H,-SCR system, which represents the
first step towards comprehensive simulations of an overall
exhaust gas after-treatment system for modern hydrogen
combustion engines.
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